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a b s t r a c t

For the first time, an analytical methodology based on differential pulse voltammetry (DPV) at a glassy
carbon electrode (GCE) and integration of three efficient strategies including variable selection based on
ant colony optimization (ACO), mathematical pre-processing selection by genetic algorithm (GA), and
sample selection (SS) through a distance-based procedure to improve partial least squares-1 (PLS-1,
ACO-GA-SS-PLS-1) multivariate calibration (MVC) for the simultaneous determination of five opium
alkaloids including morphine (MOP), noscapine (NOP), thebaine (TEB), codeine (COD), and papaverine
(PAP) was used and validated. The baselines of the DPV signals were modeled as a smooth curve, using
P-splines, a combination of B-splines and a discrete roughness penalty. After subtraction of the baseline
we got a signal with a two-component probability density. One component was for the peaks and it was
approximated by a uniform distribution on the potential axis. The other component was for the observed
noise around the baseline. Some sources of bi-linearity deviation for electrochemical data were
discussed and analyzed. The lack of bi-linearity was tackled by potential shift correction using
correlation optimized warping (COW) algorithm. The MVC model was developed as a quinternary
calibration model in a blank human serum sample (drug-free) provided by a healthy volunteer to regard
the presence of a strong matrix effect which may be caused by the possible interferents present in the
serum, and it was validated and tested with two independent sets of analytes mixtures in the blank and
actual human serum samples, respectively. Fortunately, the proposed methodology was successful in
simultaneous determination of MOP, NOP, TEB, COD, and PAP in both blank and actual human serum
samples and its results were satisfactory comparable to those obtained by applying the reference
method based on high performance liquid chromatography-ultraviolet detection (HPLC-UV).

& 2014 Published by Elsevier B.V.

1. Introduction

Opium is partially dried latex obtained from opium poppy
cultivated mainly in Asia, South America and part of Europe [1].
Opiate and their derivatives are very potent analgesics commonly
used as therapeutic agents. Some of these compounds are also
frequently abused as illicit drugs [2]. Opiates can be classified into
the three following series: the first one is constituted of the poppy
alkaloids, including morphine (MOP), noscapine (NOP), thebaine
(TEB), codeine (COD), and papaverine (PAP); the second category
mainly included semi-synthetic or synthetic derivatives of MOP
such as pholcodine, ethylmorphine (codethyline) and dextro-
methorphan which are used in therapy as antitussives and
analgesics; the third class is composed of narcotic compounds
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including diacetylmorphine (heroine), buprenorphine and metha-
done [3], usually employed as substitutes in the treatment of
addiction.

Many techniques such as gas chromatography–mass spectro-
metry (GC–MS) [4–7], high performance liquid chromatography
(HPLC) [8–10], capillary electrophoresis (CE) [11–14] and electro-
chemical [15,16] analysis are already available for the quantifica-
tion of opiates and their derivatives. Among these methods,
electrochemical techniques have gained much more attention for
their high sensitivity, high accuracy, simple operation mode and
low cost. However, no electrochemical methodologies have been
developed for simultaneous determination of MOP, NOP, TEB, COD,
and PAP, probably due to their similar structural patterns and
electrochemical responses showing dramatic overlapping when
using conventional electrodes. Recently, voltammetric methods
have been reported for the determination of some of these drugs
using modified electrodes [17–19], but the treatment involved is
time-consuming and the associated cost is high. Thus, it is
important to develop new methodologies for the simultaneous
determinations of these drugs. An attractive possibility is the use
of chemometric and multivariate calibration methods.

In multivariate calibration, variable selection chooses those
potentials from the whole available voltammogram which have
maximum information regarding the analyte of interest while
discards those carrying irrelevant information (noise, saturation
regions) or those heavily overlapped with other sample compo-
nents which are not of interest [20,21]. Variable selection can also
be applied to any multivariate technique where some sensors can
in principle be more selective as to the analyte or property of
interest, while others may give negligible signals. Improvement of
analytical performance of partial least squares (PLS) has been
reported upon variable selection, which supports the continuing
interest in this chemometric activity [22,23]. Mathematical pre-
processing techniques exist for removing variations in voltammo-
grams from run to run, which are unrelated to analyte concentra-
tion changes [24,25]. The removal of these unwanted effects leads
to more parsimonious PLS models requiring less latent variables
than those based on raw data, and often produce better statistical
indicators. Sample selection is another important activity in PLS
regression analysis of complex samples and is intended to provide
representativeness to the set of samples used for model building
[26]. Outlier detection has been extensively discussed in the
literature, and several diagnostics have been proposed [27]. From
a formal point of view, an outlier is a value which is not
representative for the rest of the data [28]. In the context of PLS
calibration, the main objective is to identify samples with features
which make them significantly different from the remaining ones.
Recently, Allegrini et al. [29] have combined all the above
procedures into a single algorithm (ACO-GA-SS-PLS-1) whose
aim was to find the best PLS calibration model within a Monte
Carlo-type philosophy. For variable selection, they have used ant
colony optimization (ACO) [30,31] instead of GA. The former

algorithm resembles the behavior of ant colonies in the search of
the best path to food sources. It has been recently implemented
with success in the field of variable selection, showing better
performances than other approaches such as GAs [32–34] and
particle swarm optimization (PSO) [35]. For an understanding of
details and conditions necessary to successfully apply ACO-GA-SS-
PLS-1 the reader is referred to Ref. [29].

In this work, we present the development of an electroanaly-
tical methodology based on DPV at a GCE and the ACO-GA-SS-PLS-
1 [29] for the simultaneous determination of MOP, NOP, TEB, COD,
and PAP in human serum samples of both healthy and patient
volunteers (Scheme 1). Finally, the accuracy of the proposed
method in simultaneous determination of MOP, NOP, TEB, COD,
and PAP in human serum samples will be compared with the
reference method based on HPLC-UV. Literature survey revealed
that no attempt has been made till date to the simultaneous
voltammetric determination of MOP, NOP, TEB, COD, and PAP with
the aid of Chemometrics.

2. Experimental

2.1. Chemicals and solutions

MOP, NOP, TEB, COD, and PAP were purchased from Sigma-
Aldrich. A phosphate buffered solution (PBS, 0.1 mol L�1) of pH
3.0 was prepared from chemicals (analytical grade) including
NaH2PO4 and Na2HPO4 from Merck. All other chemicals used in
the investigation were of analytical grade obtained from regular
sources and used without further purification. Stock standard
solutions of MOP, NOP, TEB, COD, and PAP were prepared by exact
weighing and dissolving of their solid powder in Methanol
(5.0 mL) with a concentration level of 0.1 mol L�1 and were stored
at dark in a refrigerator until analysis time. Working solutions
were prepared by appropriate dilution of the stock standard
solutions with PBS (0.1 mol L�1, pH 3.0). All the solutions were
prepared by doubly distilled water (DDW).

2.2. Apparatus and softwares

Electrochemical experiments were performed using an Autolab
(Eco Chemie BV, Netherlands) controlled by the NOVA software
(Version 1.8). A conventional three-electrode cell was used with a
saturated Ag/AgCl as reference electrode, a Pt wire as counter
electrode and a GCE as working electrode. The pH of the solutions
was adjusted using a JENWAY-3510 pH meter equipped by a
combined glass electrode. HPLC-UV analyses reported in this study
were carried out by a Medical Diagnostic Laboratory in Kerman-
shah, Iran whose HPLC system consisted of a Younglin ACME
9000.0 (Seoul, Korea) equipped with a quaternary pump, online
degasser, column heater, autosampler and UV detector. Data
collection and analyses were performed using Autochro 2000.0

Scheme 1. Schematic representation of the methodology employed to simultaneous quantification of MOP, NOP, TEB, COD, and PAP.
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Fig. 1. Differential pulse voltammograms of (A) MOP (360�10�3 mol L�1), (B) NOP (0.1�10�3 mol L�1), (C) TEB (0.1�10�3 mol L�1), (D) COD (0.1�10�3 mol L�1), and
(E) PAP (130�10�3 mol L�1) in 0.1 mol L�1 PBS at different pHs. (F) Differential pulse voltammograms of (a) MOP (360�10�3 mol L�1), (b) NOP (0.1�10�3 mol L�1),
(c) TEB (0.1�10�3 mol L�1), (d) COD (0.1�10�3 mol L�1), (e) PAP (130�10�3 mol L�1) and (f) a mixture of MOP (360�10�3 mol L�1), NOP (0.1�10�3 mol L�1), TEB
(0.1�10�3 mol L�1), COD (0.1�10�3 mol L�1), and PAP (130�10�3 mol L�1) in PBS (0.1 mol L�1, pH 3.0).
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software (Younglin). Separation was achieved on C-18 column,
Perfectsil Target ODS3 (150.0 mm�4.6 mm, 5.0 mm) with a
10.0 mm�4.0 mm, 5.0 mm guard column (MZ-Analysentechnik,
Mainz, Germany). The elution was isocratic with mobile phase of
acetonitrile and 10.0 mmol L�1 potassium phosphate buffer
adjusted to pH 6.0 with orthophosphoric acid (83/17, v/v). The
flow rate was 1.0 mL min�1 and yielded a backpressure of about
740.0 psi. The column temperature was maintained at 35 1C, the
detection was monitored at a wavelength of 285.0 nm and injec-
tion volume was 20.0 mL. All the recorded electrochemical data
was smoothed, when necessary, and converted to data matrices by
the use of several home-made m-files in MATLAB environment
(Version 7.14, MathWorks, Inc.). All the computations for baseline
correction, data alignment and multivariate calibration (MVC)
were performed in MATLAB environment. All the computations
were performed on a DELL XPS laptop (L502X) with Intel Core i7-
2630QM 2.0 GHz, 8 GB of RAM and Windows 7-64 as its operating
system.

2.3. Preparation of the serum samples

A blank human serum sample (drug-free) was provided by a
healthy volunteer who not exposed to any drug or opium for at
least 10.0 months. Actual human serum samples were collected
from two patients, a patient under PAP treatment (Serum 1) and a
cancerous patient under NOP treatment (Serum 2), kindly pro-
vided by a Medical Diagnostic Laboratory in Kermanshah, Iran. The
following methodology was used to prepare all the serum sam-
ples: according to the method of Shu et al. [36], to eliminate
protein and other substances, 5.0 mL of human serum sample was
placed in a10.0 mL glass tube and 5.0 mL of 15.0% (w/v) Zinc
Sulfate solution-Acetonitrile (50/40,v/v) was added. The glass tube
was vortexed for 20.0 min, maintained at 4.0 1C for 15.0 min
followed by centrifugation at 4000.0 rpm for 5.0 min. Then, the
supernatant was collected in the same tube and this solution was
used for subsequent analyses.

2.4. Model efficiency estimation

Whether a model can be applied to analysis of human serum
samples or not, model validation is possibly the most important
step in the model building sequence. In order to evaluate the
performance of MVC models, each model was validated for the
prediction of validation and test sets, evaluating root mean square
errors of prediction (RMSEP), and relative error of prediction (REP).

RMSEP¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

1ðypred�yactÞ2
n

s
ð1Þ

REPð%Þ ¼ 100
ymean

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
∑n

i ¼ 1ðypred�yactÞ2
r

ð2Þ

where yact and ypred are actual and predicted concentrations of
each component, respectively, and n is the number of samples in
validation or test set.

2.5. Electrochemical procedure

Prior to electrochemical experiments, the GCE was successively
polished to a mirror using 0.3 and 0.05 mm Alumina slurry. After-
ward, the electrode was washed thoroughly with Ethanol and
DDW and dried at room temperature. All electrochemical experi-
ments were carried out at room temperature. The DPV measure-
ments were carried out at the following operating conditions for
the five studied analytes: step potential 0.025 V, modulation

amplitude 0.055 V, modulation time 0.05 s, interval time 0.5 s,
and scan rate 0.05 V s�1.

3. Results and discussion

3.1. Electrochemical studies

3.1.1. pH dependence study
To select the best pH for the simultaneous determination of

MOP, NOP, TEB, COD, and PAP, the effect of pH on the peak current
of the anodic differential pulse voltammograms (DPVs) of MOP,
NOP, TEB, COD, and PAP was investigated. Fig. 1A–E shows the
influence of the pH of the PBS (0.1 mol L�1), in the range of 2.0–
10.0, on the signal intensities of 0.1 mM MOP, NOP, TEB, COD, and
PAP. As can be observed in Fig. 1A–E, all peak currents of the
studied analytes have a maximum value at pH 3.0. Taking into
account that for analytical purposes both maximal and stable
currents are necessary, a pH value of 3.0 was selected for further
experiments. The oxidation peak potential of all studied analytes
shifted to less positive values as the pH of the buffer solution was
increased (Fig. 1A–E).

3.1.2. Effect of scan rate
The influences of scan rate (υ) on the peak current (IP) of MOP, NOP,

TEB, COD, and PAP at the GCE in PBS (0.1 mol L�1, pH 3.0) were
studied by cyclic voltammetry (not shown). In the range of 10.0–
800.0 mV s�1, a linear relationship was established between IP and υ
1/2, for all of the studied analytes, indicating the diffusion controlled
mechanism. The linear regression equations are Ip, MOP (mA)¼1.0906þ
127.66υ1/2 V s�1 (R2¼0.9941), Ip, NOP (mA)¼30.372þ36.421υ1/2 V s�1

(R2¼0.9911), Ip, TEB (mA)¼21.123þ174.09υ1/2 V s�1 (R2¼0.9908),
Ip, COD (mA)¼17.535þ156.24 υ1/2 V s�1 (R2¼0.9950), and Ip, PAP (mA)¼
12.342þ143.12υ1/2 V s�1 (R2¼0.9986).

3.2. Chemometric studies

3.2.1. A glance to necessity of MVC
Fig. 1F shows the DPVs of MOP (curve a), NOP (curve b), TEB

(curve c), COD (curve d), PAP (curve e) and their mixture (curve f)
in PBS (0.1 mol L�1, pH 3.0). In all conditions evaluated, a strong
signal overlapping was observed for the simultaneous analysis of
MOP, NOP, TEB, COD, and PAP at the GCE (see Fig. 1F, curve f). Thus,
the quantification of any of these analytes will be biased if
univariate calibration is used as analytical method, and for tackling
this problem it was necessary to use MVC.

3.2.2. Calibrations
3.2.2.1. Univariate calibrations. Prior to multivariate calibration
experiments, univariate calibration experiments were performed
(Fig. 2A–E) and calibration curves were constructed with several
points as peak current versus analyte concentration in the range
0.02–7.41 and 7.41–360.0�10�3 mol L�1 for MOP (inset of Fig. 2A),
1.0–600.0�10�6 mol L�1 for NOP (inset of Fig. 2B), 5.0–500.0�
10�6 mol L�1 for TEB (inset of Fig. 2C), 1.2–250.0�10�6 mol L�1 for
COD (inset of Fig. 2D), and 0.3–135.0 �10�3 mol L�1 for PAP (inset of
Fig. 2E), and evaluated by linear regression which were the limiting
assayed concentrations in subsequent analyses. All analytes showed
linear dependences between peak current and concentration at
different concentrations intervals.

3.2.2.2. Multivariate calibrations. When the analytes are analyzed
in the presence of interferences, the electrochemical profile
revealed additional changes to those observed in the absence of
interferences. The main changes observed were minor alterations
in the baseline and displacement of peak potential, probably due
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to modification in viscosity of the solution and consequently the
diffusion coefficient of the analytes. This effect produces alterations
in the chemometrics responses and for this reason, the calibration
and validation sets were prepared in a blank human serum sample
(drug-free).

3.2.2.3. Calibration set. The human serum has a complex matrix
and may contain a lot of unexpected interferences therefore, if
the presence of these interferences was not considered during
calibration, a first-order MVC model would give biased predictions
of the concentration of the analytes of interest. Therefore, the

Fig. 2. Representative differential pulse voltammograms of (A) MOP, (B) NOP, (C) TEB, (D) COD, and (E) PAP PBS (0.1 mol L�1, pH 3.0) at different concentrations. Insets:
dependence of Ip with concentration.
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calibration set was prepared in a blank human serum sample (drug-
free) which was collected from a healthy volunteer to regard the
complex matrix of the serum sample which may contain a lot of
unexpected interferences. This strategy was applied in order to
provide PLS-1 enough information concerning the signals of the
analytes when they are embedded into the real background. All the
calibration mixtures (the compositions of the calibration mixtures
were selected according to a central composite design (CCD), Table 1)
were prepared in the blank human serum sample spiked with an
appropriate amount of each analyte of interest considering the linear
calibration ranges (previously established from univariate
calibrations for each analyte). All samples were diluted with PBS
(0.1 mol L�1, pH 3.0) to adjust the pH and then appropriate amounts
of these diluted samples were transferred to the electrochemical cell,
and the solutions were measured in random order. Final
concentration of each analyte was obtained by multiplying the
detected value by the appropriate dilution factor.

3.2.2.4. Validation set. To check the prediction ability of the model
after optimizing all calibration parameters, a validation set of
fifteen quinternary mixtures (Table 1) was prepared in the blank
human serum sample (drug-free). The concentrations of five
analytes were selected at random from the corresponding
calibration ranges. All samples were diluted with PBS
(0.1 mol L�1, pH 3.0) to adjust the pH and then appropriate
amounts of these diluted samples were transferred to the
electrochemical cell, and the solutions were measured in random
order. Final concentration of each analyte was obtained by
multiplying the detected value by the appropriate dilution factor.

3.2.2.5. Test set. With the purpose of evaluating the proposed
method in a very interfering environment such as human serum,
a test set of fifteen quinternary mixtures (Table 1) was prepared in
Serum 1 (see Section 2.3.) with random amount of each analyte of
interest in the same concentration range used for calibration. All
samples were diluted with PBS (0.1 mol L�1, pH 3.0) to adjust the
pH and then appropriate amounts of these diluted samples were
transferred to the electrochemical cell, and the solutions were
measured in random order. Final concentration of each analyte
was obtained by multiplying the detected value by the appropriate
dilution factor. It should be noted that all the samples related to
the test set were prepared in the Serum 1 (see Section 2.3) which
contains PAP therefore, the exact concentrations of the spiked PAP
were computed by a previous knowledge about the initial amount
of PAP in the Serum 1 which was obtained by analyzing the Serum
1 with HPLC-UV method prior to analyzing by the proposed
method in this study.

3.2.3. Pretreatment and data arrangement
Besides the problem arising from the presence of severely

overlapping analyte profiles, in the present study two additional
complications may occur: (1) interactions among analytes and the
background interferents present in the serum, which may cause
signal changes in comparison with pure analyte profiles, and (2)
sample-to-sample potential shifts in the analyte profiles, which
are common in voltammetric studies. For tackling the first pro-
blem, it was necessary to include the possible interferents in the
calibration set in order to allow PLS-1 to model the analyte-
background interactions before prediction on new samples. Con-
cerning the second commented problem, some preprocessing
alternatives were independently applied on the electrochemical
responses before PLS-1 model building and validation.

In our previous work [37] we pointed out that voltammetric
performance can be enhanced by eliminating noise and back-
ground components therefore, baseline elimination is a crucial

step for reducing both complexity and number of the unexpected
components. Moreover, it was demonstrated that the use of signal
pre-treatments such as baseline and potential shift corrections
improve the quality of first-order voltammetric signals and, as a
consequence, the performance of resolution by first-order algo-
rithms [37]. In the subsequent sections, some strategies are
examined for achieving the mentioned aims.

3.2.3.1. Baseline correction. A variety of instruments deliver signals
that consist of a series of more or less isolated peaks. The physical
or chemical information is in the positions and the heights of the
peaks. Ideally the baseline should be flat, but this is seldom the
case. In practice slow, but strong, fluctuations are seen, which are
known as background, drift, or baseline. The aim of this section
was to estimate a baseline from a data series, exploiting two
characteristic properties: the baseline changes smoothly, while all
peaks have the same sign, either positive or negative. After
estimation, the baseline is subtracted, and peak analysis can
follow. Baseline correction was performed based on an
adaptation of the method described in de Rooi et al. [38]. The
baseline was modeled as a smooth curve, using P-splines, a
combination of B-splines and a discrete roughness penalty [39].
After subtraction of the baseline we got a signal with a two-
component probability density. One component was for the peaks
and it was approximated by a uniform distribution on the positive
axis. The other component was for the observation noise around
the baseline; it was assumed to be normal. For an understanding
of the assumptions and conditions necessary to successfully apply
baseline correction the reader is referred to Ref. [38].

3.2.3.2. Potential shift correction. For chemometric model building,
several strategies have been proposed to align shifted signals such
as chromatograms, electropherograms or NIR spectra. One of the
most popular ones is correlation optimized warping (COW)
[40,41]. However, this situation has been scarcely described for
electrochemical signals [37]. According to the literature, the shift
in electrochemical responses can be originated from adsorptive
phenomena on the electrode surface, pH variations in the cell or
fluctuations in the composition of cell solution, among others [42].

A basic assumption for application of a MVC model is the data
bi-linearity, which may be compromised by the above commented
potential shifts. Therefore, the DPV signals were aligned towards a
target signal using COW. The COW algorithm was introduced by
Nielsen et al. [40] as a method to correct for shifts in discrete data
signals. It is a piecewise or segmented data preprocessing techni-
que that uses dynamic programming to align a sample signal
towards a reference signal by stretching or compression of sample
segments using linear interpolation. First, the segment and slack
were optimized using a simplex-like optimization routine and
then mean voltammogram was selected as target “signal”.

The results of baseline and shift corrections are shown in Fig. 3.
Fig. 3A shows the raw DPV data recorded for the calibration set.
Fig. 3B shows the results of baseline-corrected data, and as can be
seen the baseline is satisfactorily corrected. Fig. 3C shows the
results of applying COW for data alignment and it confirms the
capability of COW for aligning the data. Fig. 3D and E shows
baseline- and shift-corrected DPV data for validation and test sets,
respectively.

3.3. Performance evaluation of the developed MVC model in blank
and actual serum samples

In PLS calibration, it is usual to have two data sets: a
calibration set, employed to build the regression model, and a
validation set to check the prediction ability of the PLS model
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Table 1
Concentration data of calibration set (C1–C30), validation set (V1–V15), and test set (T1–T15).

Sample MOP
(10�3 mol L�1)

NOP
(10�6 mol L�1)

TEB
(10�6 mol L�1)

COD
(10�6 mol L�1)

PAP
(10�3 mol L�1)

Sample MOP
(10�3 mol L�1)

NOP
(10�6 mol L�1)

TEB
(10�6 mol L�1)

COD
(10�6 mol L�1)

PAP
(10�3 mol L�1)

C1 90 150 125 62.5 101.25 V1 50 2 7.5 1.5 0.5
C2 90 150 125 187.5 33.75 V2 100 350 420 132 120
C3 90 150 375 62.5 33.75 V3 0.4 1.5 132 241 21
C4 90 150 375 187.5 101.25 V4 15 400 178 77 76
C5 90 450 125 62.5 33.75 V5 245 280 298 45 54
C6 90 450 125 187.5 101.25 V6 320 140 15 53 33
C7 90 450 375 62.5 101.25 V7 12 27 45 89 25
C8 90 450 375 187.5 33.75 V8 0.5 33 121 131 100
C9 270 150 125 62.5 33.75 V9 135 95 150 178 77
C10 270 150 125 187.5 101.25 V10 45 210 210 55 29
C11 270 150 375 62.5 101.25 V11 20 375 280 33 25
C12 270 150 375 187.5 33.75 V12 85 410 320 21 61
C13 270 450 125 62.5 101.25 V13 190 51 390 78 89
C14 270 450 125 187.5 33.75 V14 280 38 22 120 95
C15 270 450 375 62.5 33.75 V15 150 455 14 199 41
C16 270 450 375 187.5 101.25 T1 2.4 3.6 10 5 130
C17 0.02 300 250 125 67.5 T2 31 450 456 56 97
C18 360 300 250 125 67.5 T3 243 567 341 77 66
C19 180 1 250 125 67.5 T4 321 552 23 87 54
C20 180 600 250 125 67.5 T5 176 21 245 98 88
C21 180 300 5 125 67.5 T6 131 18 55 43 120
C22 180 300 500 125 67.5 T7 189 187 67 42 128
C23 180 300 250 1.2 67.5 T8 55 32 123 78 76
C24 180 300 250 250 67.5 T9 63 540 32 122 55
C25 180 300 250 125 0.3 T10 29 41 65 134 41
C26 180 300 250 125 135 T11 88 25 198 66 34
C27 180 300 250 125 67.5 T12 192 66 234 22 73
C28 180 300 250 125 67.5 T13 44 91 66 157 51
C29 180 300 250 125 67.5 T14 51 75 76 198 67
C30 180 300 250 125 67.5 T15 55 70 65 180 60
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after all calibration parameters have been optimized, but in this
study we are going to determine the analytes' concentrations in
actual human serum samples which have a very complex matrix
due to the presence of many interferents present in the serum
therefore, with the purpose of evaluating the method in the
presence of interferents, a test set was also prepared in an actual
human serum sample.

Before calibration, it is usual to assess the optimum number of
latent variables in order to avoid overfitting, by applying the well-
known cross-validation method described by Haaland and Thomas
[43]. With the purpose of estimating the number of optimum
latent variables for ACO-GA-SS-PLS-1 leave-one-sample-out cross-
validation was performed. The optimum number of factors is
estimated by calculating the ratios F (A)¼PRESS (AoAn)/PRESS
(A), where PRESS¼Σ (ci,act�ci,pred)2, A is a trial number of factors,
An corresponds to the minimum PRESS, and ci,act and ci,pred are the
actual and predicted concentrations for the ith sample left out of
the calibration during cross validation, respectively. Then, the

number of factors leading to a probability of less than 75% that
F41 is selected.

The ACO-GA-SS-PLS-1 algorithm was run on the calibration,
and validation sets using the parameters shown in Table 2.
According to the results presented in Table 3, with very satisfac-
tory values for RMSEPs and REPs for the five analytes of interest it
is apparent that the ACO-GA-SS-PLS-1 approach has found the
correct answer. The results indicated that the RMSEPsValidation and
REPsValidation found by ACO-GA-SS-PLS-1 were apparently smaller
than those with no selection.

With the purpose of analyzing the potentiality of the evaluated
methodology based on DPV data processed by ACO-GA-SS-PLS-1, a
test set of fifteen quinternary mixtures (see Table 1) was prepared

Table 2
Specific ACO-GA-SS-PLS-1 parameters.

Parameter MOP NOP TEB COD PAP

Number of ants 30 30 30 30 30
Blind proportion 0.5 0.5 0.5 0.5 0.5
Minimum number of variables 3 3 3 3 3
Maximum number of variables 8 8 8 8 8
Number of chromosomes 40 40 40 40 40
Mutation frequency 0.1 0.1 0.1 0.1 0.1
Cycles 40 40 40 40 40
Epochs 40 40 40 40 40
Sensor window 10 10 10 10 10
Tolerance 0.3 0.3 0.3 0.3 0.3
Latent variables 6 5 7 5 6

Table 3
Figures of merit obtained by ACO-GA-SS-PLS-1 in validation and test data sets.

MOP NOP TEB COD PAP

Full voltammogram
RMSEPValidation 0.51 1.16 0.99 1.54 1.95
RMSEPTest 0.89 1.77 2.13 0.96 1.45
REP%Validation 4.32 3.11 3.08 2.22 2.11
REP%Test 2.14 1.96 2.66 1.31 2.09
R2Validation 0.8911 0.9110 0.9087 0.9031 0.9321
R2Test 0.9341 0.9213 0.8976 0.9123 0.9040
No. of latent variables 6 5 7 5 6

After ACOGASS selection
RMSEPValidation 0.08 0.15 0.11 0.08 0.16
RMSEPTest 0.11 0.09 0.08 0.11 0.07
REP%Validation 0.97 0.88 0.75 0.91 0.68
REP%Test 0.07 0.11 0.07 0.06 0.13
R2Validation 0.9765 0.9802 0.9888 0.9901 0.9795
R2Test 0.9981 0.9706 0.9900 0.9898 0.9805
No. of latent variables 4 4 5 4 5
Pre-processing None None None None None

Fig. 3. Differential pulse voltammograms corresponding to: (A) raw data of the calibration set, (B) baseline-corrected data of the calibration set, (C) baseline- and shift-
corrected data of the calibration set, (D) baseline- and shift-corrected data of the validation set, and (E) baseline- and shift-corrected data of the test set.
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in Serum 1 (see Section 2.3.) with random amount of each analyte
of interest in the same concentration range used for calibration. All
samples were diluted with PBS (0.1 mol L�1, pH 3.0) to adjust the

pH and then appropriate amounts of these diluted samples were
transferred to the electrochemical cell. Final concentration of each
analyte was obtained by multiplying the detected value by the

Fig. 4. Plots for predicted concentrations as a function of nominal values for (A) MOP, (B) NOP, (C) TEB, (D) COD, and (E) PAP in validation set. (F) Elliptical joint regions (at
95% confidence level) for the slopes and intercepts of the regressions for MOP (blue ellipse), NOP (yellow ellipse), TEB (purple ellipse), COD (orange ellipse), and PAP (green
ellipse) in validation set. Star point marks the theoretical (0,1) point. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Plots for predicted concentrations as a function of nominal values for (A) MOP, (B) NOP, (C) TEB, (D) COD, and (E) PAP in test set. (F) Elliptical joint regions (at 95%
confidence level) for the slopes and intercepts of the regressions for MOP (blue ellipse), NOP (yellow ellipse), TEB (purple ellipse), COD (orange ellipse), and PAP (green
ellipse) in test set. Star point marks the theoretical (0,1) point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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appropriate dilution factor. According to the results presented in
Table 3 for the test set, with very satisfactory values for RMSEPsTest
and REPsTest for the five analytes of interest it is apparent that the
ACO-GA-SS-PLS-1 approach has found the correct answer. The
results indicated that the RMSEPsTest and REPsTest found by ACO-
GA-SS-PLS-1 were apparently smaller than those with no
selection.

For the sake of a further investigation into the accuracy of the
proposed method, the predicted concentrations of both validation
(Table S1, Supplementary Information) and test (Table S2) sets
were regressed on the nominal concentrations. In this case an
ordinary least squares (OLS) analysis of predicted concentrations
versus nominal concentrations was applied [44]. The calculated
intercept and slope were compared with their theoretically
expected values (intercept¼0, slope¼1), based on the elliptical
joint confidence region (EJCR) test. If the ellipses contain the
values 0 and 1 for intercept and slope (ideal point), respectively,
showing the predicted and nominal values do not present sig-
nificant difference at the level of 95% confidence and the elliptic
size denotes precision of the analytical method, smaller size
corresponds to higher precision [45]. Figs. 4A–E and 5A–E show
the regression of predicted concentrations on nominal values
based on OLS method corresponding to the validation and test
sets, respectively, and Fig. 4F and Fig. 5F show the corresponding
ellipses of the EJCR analyses. As can be concluded from Figs. 4A–E
and 5A–E, the predictions for MOP, NOP, TEB, COD, and PAP in both
validation and test sets are in good agreement with the nominal
values. If the EJCRs for validation set are analyzed (Fig. 4F), it is
notable that while the ellipses for NOP, TEB, COD, and PAP include
the theoretically expected point (ideal point), indicating accuracy
of the developed methodology for these analytes while the ideal
point falls on the MOP ellipse, denoting slightly poorer prediction
accuracy for MOP. But all the ellipses in the test set contain the
ideal point (Fig. 5F) which shows the accurate determination of all
analytes in test set by the developed methodology. The statistical
results shown in Table 3, with adequate values for RMSEPsTest and
REPsTest for all analytes, do also support this conclusion.

3.4. Comparison of the performance of the proposed methodology
with the reference method (HPLC-UV)

When a new analytical method is introduced it is necessary to
check its results with those of a well-known reference method.
Regarding this important point, we extended our study for
comparing its accuracy for simultaneous determination of MOP,
NOP, TEB, COD, and PAP in another actual human serum sample
(Serum 2, see Section 2.3) with the reference method based on
HPLC-UV. Table 4 compares the results obtained by the proposed
method with those obtained by HPLC-UV. Although, the results
indicate that the accuracy of the HPLC-UV methods is slightly
better than that of the proposed method but it may be concluded
that the results obtained using the proposed method are in an
acceptable agreement with those obtained by the HPLC-UV
method.

Taking into account the good results obtained by applying both
proposed and HPLC-UV methods, either of them can be recom-
mended for the simultaneous determination of MOP, NOP, TEB,
COD, and PAP in human serum samples. Recommendation of the
proposed method will depend on the analyst's knowledge about
the theoretical considerations on the chemometric methods. If the
analyst suffers from instrumental limitations for applying HPLC-
UV, it is better to use the proposed method. However, this option
needs having a background about the theoretical aspects of
chemometric methods. But for a person who does not have
enough knowledge about chemometric methods and is not face

to instrumental limitations it is recommended to use HPLC-UV
method.

4. Concluding remarks

In the present article, combination of electrochemistry with
chemometrics led us to introduce an efficient analytical method
for simultaneous determination of MOP, NOP, TEB, COD, and PAP at
a GCE in very complex matrices. The five studied analytes
exhibited a similar anodic behavior, all of irreversible character
and pH-dependent. A strong voltammetric overlapping was
observed for the simultaneous analysis of these compounds. The
overlapping was successfully resolved using ACO-GA-SS-PLS-1.
This is the newest example of the power of implementation of
three of the main optimization methods in partial least-squares
calibration for processing electrochemical data. Because of the
non-bilinear behavior of the experimental data, the potential shift
correction was carried out by COW as an efficient chemometric
algorithm. The baseline of the DPV signals was successfully
removed by an efficient chemometric algorithm. To regard the
presence of a strong matrix effect which may be caused by the
possible interferents present in the human serum sample, the
MVC model was built and validated in a blank human serum
sample (drug-free) provided by a healthy volunteer which allowed
us to exploiting first-order advantage for the simultaneous deter-
mination of the five studied analytes in very interfering media
such as human serum samples. Finally, the application of the
developed method to simultaneously assay the concentrations of
MOP, NOP, TEB, COD, and PAP in an actual human serum sample
allowed to obtain satisfactory results which were in accordance
with the HPLC-UV reference method. This study allows one to
propose the present method as a promissory, cheap and accessible
alternative for routine determination of the concentrations of
MOP, NOP, TEB, COD, and PAP in human serum samples.

Table 4
Results of analysis of Serum 2 by the proposed methodology in this study and
reference method (HPLC-UV).

Opium alkaloid Proposed methodology in this study Reference method
(HPLC-UV)

Added (mol L�1) Found Recovery (%) Found Recovery (%)

MOP None N.Da – None N.D
5�10�3 4.8 96.0 5 100.0
50�10�3 53 105.6 51 101.9
21�10�3 20.5 97.6 22 104.5

NOP None 2 – 1.8 –

60�10�6 64 103.2 62.5 100.8
4�10�6 6.2 104.8 6.1 102.4
100�10�6 108 105.7 99 97.0

TEB None N.D – 0.02 –

10�10�6 9.5 95.0 9.9 99.0
250�10�6 260 103.8 248.5 99.4
100�10�6 96 96.0 101.2 101.2

COD None N.D – N.D –

140�10�6 135.3 96.6 139.1 99.3
75�10�6 78 103.8 74 98.7
12�10�6 13 107.7 11.6 96.7

PAP None N.D – N.D –

67�10�3 70 104.3 67.1 100.1
31�10�3 29.8 96.1 30.8 99.3
42�10�3 44.2 104.9 41 97.6

a Not detected.
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